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ABSTRACT: Ligand/receptor multivalent interactions have
been exploited to drive self-assembly of nanoparticles, hard
colloids, and, more recently, compliant units including
emulsion droplets and lipid vesicles. In deformable liposomes,
formation of links between two membranes produces
morphological changes depending on the amount of ligands
in the environment. Here, we study a proof-of-concept
biosensing system in which single lipid vesicles adhere to a
ﬂat supported lipid bilayer, both decorated with membrane-
anchored biotinylated receptors. Adhesion is driven by
multivalent streptavidin (SA) ligands forming bridges between the vesicles and the supported bilayer. Upon changing the
concentration of ligands, we characterize the morphological and mechanical changes of the vesicles, including the formation of a
stable adhesion patch, membrane tension, and the kinetics of bridge rupture/formation. We observe vesicle binding only within a
speciﬁc range of ligand concentrations: adhesion does not occur if the amount of SA is either too low or too high. A theoretical
model is presented, elucidating the mechanism underlying this observation, particularly, the role of SA multivalency in
determining the onset of adhesion. We elaborate on how the behavior of membranes studied here could be exploited in next-
generation (bio)molecular analytical devices.
1. INTRODUCTION
Ligand−receptor multivalent interactions are a powerful tool to
drive the self-assembly of artiﬁcial Brownian objects and build
materials whose local structure would be hard to replicate with
top−down manufacturing approaches.1−5 Advances in this area
beneﬁt from the use of synthetic DNA tethers, whose selective
and reversible binding enables a ﬁne control over the resultant
multivalent interactions.6,7 Such self-assembled phases have
applications in molecular diagnostics,8 photonics,9 and potential
nonbiological self-replicating systems.10 Despite the remarkable
control over the structure of these materials, examples of phases
exhibiting morphological response to external stimuli are
limited, and often rely on precisely engineered reactions
between competing linkages that can be achieved only using
synthetic DNA tethers, and are hardly applicable with naturally
occurring linkers.11−13
However, when the Brownian particles become suﬃciently
soft, as for the case of emulsion droplets and particularly lipid
vesicles,14−24 strong enough multivalent interactions can cause
signiﬁcant deformation. As a consequence, the morphology of
the self-assembled soft phases can respond dramatically to small
changes in the adhesion strength16 or the stiﬀness of the
particles.17 Such eﬀects are independent of the details of the
ligands and can therefore be seen as a general means of sensing
environmental changes. Large morphological variations allow
for a speciﬁc and strong (nonlinear) ampliﬁcation of external
signals, at the same time enabling their transduction into an
easily detectable responsethese are major advantages in
analytical sensing. Recent studies have demonstrated a
pronounced response to temperature changes in the morphol-
ogy of DNA-tethered giant unilamellar vesicles (GUVs) and
thereby in the porosity vesicle networks.16,17 More speciﬁcally,
structural change in these tissues results in a negative thermal
expansion.17 Such a response emerges from the interplay
between the thermal expansion of the surface area of GUVs and
the rearrangement of the mobile tethers. Furthermore, the
study of the physical properties of lipid-based self-assembled
systems is of particular interest owing to their analogy with
biological cells. Thus, they can provide a model to study cell
and tissue morphology and rheology.19 Additionally, such
works can have implications on the study of compartmentaliza-
tion and therefore application to the ﬁelds of synthetic biology,
nanoreactors, nanoﬁltration, and drug delivery.25−27 Speciﬁ-
cally, multiple liposomes can be held together by linkers to
form multicompartment assemblies. In these systems, engi-
neered linkers can be used to change the morphology of the
assembly and/or the distance between the lipid bilayers. If the
agents (chemical or biological) in diﬀerent compartments are
to interact via the permeation of species across these bilayers,
such morphological changes can serve as a means of controlling
interactions. Furthermore, DNA linkers can be used to induce
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fusion between bilayers,28,29 eﬀectively merging diﬀerent
compartments.
Having highlighted the responsiveness of networks of
tethered GUVs to temperature changes16,17 and laid down
the foundational theory of such systems,16,17,30,31 in this paper
we test the response of adhering GUVs to changes in the
concentration of free linkers in solution that mediate the
adhesion, thus exploring the potential for biosensing. In view of
their well-understood interactions, we choose to functionalize
the membranes with biotin “receptors”, bridged by tetravalent
streptavidin (SA) “ligands”. To unambiguously assess the
response to changes in SA concentration, we consider a
simpliﬁed architecture in which isolated GUVs adhere to large
supported lipid bilayers (SLBs) and measure morphological,
mechanical, and kinetic features related to adhesion and
deformation. In particular, the probability of GUVs forming a
stable adhesion patch with the SLB and the resultant membrane
tension are measured. Bond lifetime is assessed through
ﬂuorescence recovery after photobleaching (FRAP). We
propose a simple statistical-mechanical model capable of
capturing the experimental phenomenology. Speciﬁcally, we
demonstrate that entropic contributions derived from the
tetrameric nature of SA ligands play a crucial role in
determining the onset of adhesion upon increasing the ligand
concentration and the trend observed in the bond breakup
kinetics.
Avidin−biotin interactions were previously adopted to study
the adhesion of colloidal units including emulsion droplets and
particularly lipid vesicles, starting with the seminal works of
Zasadzinski and co-workers, who observed an assembly of small
liposomes mediated by SA bridges32 and the formation of
compartmentalized liposomes.33 A variety of properties of such
systems have been elucidated. The association rates of ligand−
receptor pairs have been shown to decrease in vesicles with
increased membrane tension in the work of Bihr et al.34 An
increase in the concentration of polymer brushes used to
modulate the nonspeciﬁc GUV adhesion slowed down the
association rates.34 The diﬀusion rates of both lipids and
biotin−avidin complexes have been shown to decrease with an
increasing receptor concentration, owing to molecular crowd-
ing and membrane viscosity.35 Furthermore, the morphology,
formation kinetics, and overall binding strength of adhesive
patches have been investigated in systems similar to the one
proposed here.36−39 Relevant research has been carried out on
networks of soft objects assembled through avidin−biotin
linkers: Pontani et al. showed that in a densely packed network
of emulsion droplets mimicking biological tissues, droplet
adhesion strengthens with increasing external pressure.14 As
yet, however, a detailed characterization on the dependency of
the adhesion behavior on linker concentration, highlighting the
eﬀect of SA multivalency, has not been reported.
The sensitivity of GUV adhesion to ligand concentration can
be exploited to design (bio)molecular detection devices
featuring packings of receptor-decorated GUVs that sharply
change their adhesion probability. Patch formation can then be
detected optically or through electrical measurements following
the change in the porosity of packings and thereby its resistance
to ionic current.
2. EXPERIMENTAL SECTION
2.1. Experimental Design. A schematic of the experimental
system is sketched in Figure 1a. Following ref 16, we consider isolated
GUVs adhering to an SLB. Compared with the study of GUV−GUV
interactions, this study with its simpliﬁed geometry enables an accurate
characterization of the membrane tension of the GUVs and
morphological changes. At the same time, the underlying physical
mechanisms of GUV−SLB and GUV−GUV adhesions are largely
shared.16,17
Both GUVs and SLBs are functionalized with cholesterol-anchored
double-stranded DNA (dsDNA) constructs. However, interactions are
not mediated by DNA overhangs. Instead, dsDNA receptors are
tipped by a biotin molecule, and SA molecules dispersed in solution
act as multivalent ligands. SA is a tetrameric protein that provides four
biotin-binding sites, one pair on either side of the molecule.40
Therefore, the protein can connect multiple receptors and create
molecular bridges between GUVs and SLBs, driving adhesion.
Likewise, complexes in which a single SA connects multiple receptors
bound to the same membrane are possible, indicated as loops (see
Figure 1a). SA does not aﬀect the stability of the vesicle, making it
ideally suited for our proof-of-principle experiments.40
One may argue that simple biotin-functionalized lipids could have
been used instead of biotin-tipped DNA tethers, as previously adopted
by several authors.32,33 However, our design choice enables two key
functions speciﬁcally fulﬁlled by the dsDNA spacers. First, they
provide a steric repulsion between bilayers, stopping the membranes
from getting into close contact and thus adhering through nonspeciﬁc
forces (e.g., van der Waals) or even undergoing fusion. We
demonstrated in a recent publication how these rigid spacers keep
approaching bilayers at distances >L, where L ≈ 10 nm is the length of
the dsDNA.17 Second, in the absence of dsDNA spacers, geometrical
constraints due to the spatial arrangement of the binding sites on the
bulky SA ligands would aﬀect the formation of certain types of loops,
as further discussed below. Long spacers relax these constraints.
Figure 1. Experimental system. (a) Schematic vertical cross section of
a GUV adhering to an SLB. Adhesion is mediated by intermembrane
bonds formed by tetravalent SA molecules connecting multiple
membrane-anchored DNA−biotin receptors. Various multimeric
ligand−receptor complexes are shown in the top-right corner. (b)
Confocal 3D reconstructions of a GUV adhering to an SLB, as
acquired by imaging ﬂuorescently labeled lipids. (c) Confocal 3D
reconstruction of a non-adhering GUV.
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2.2. GUV Preparation. GUVs are prepared according to the
protocol in ref 17. Brieﬂy, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, Avanti Polar Lipds) and ﬂuorescent Oregon Green 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE, Thermo
Fisher) are dissolved in chloroform in a 99.3:0.7 molar ratio and
overall concentration of 3.57 mg mL−1. An indium tin oxide-coated
microscope slide is spin-coated on its conductive side with 160 μL of
the lipid solution for 2 min to create a uniform ﬁlm. The lipid-coated
slide is dried in a vacuum desiccator for 1 h. The dried lipid-coated
slide and a clean non-lipid-coated slide are arranged together to form a
capacitor cell. The conductive sides of both slides faced inward and
were overlaid using a U-shaped 0.5 mm-thick silicone rubber spacer
(Altec) creating a chamber. The chamber is ﬁlled with the degassed
300 mM sucrose (Sigma-Aldrich) solution in Milli-Q water and sealed
using plastic paraﬃn ﬁlm (Paraﬁlm) and paper clips. Electroformation
is then carried out using a function generator. A 10 Hz sinusoidal
potential with a 1 V peak-to-peak amplitude is applied across the
chamber for 2 h, after which the frequency is reduced to 2 Hz for 1 h.
The vesicles are extracted from the chamber using a pipette and stored
in a vial (Eppendorf) at room temperature in the dark. The GUVs
obtained are used within 7 days.
2.3. SLB Preparation. Small unilamellar vesicles (SUVs), used to
form SLBs, are prepared according to the protocol in ref 16. Brieﬂy,
200 μL of a 25 mg mL−1 chloroform solution of DOPC + Oregon
Green DHPE (99.3:0.7 molar ratio) is injected into a glass vial and
desiccated for 15 min to let the chloroform evaporate. The dried lipids
are then resuspended in 500 μL of 300 mM sucrose solution in water
and vortexed to ensure hydration. Four freeze/thaw cycles are then
carried out using liquid nitrogen and warm water to break apart large
lipid structures. To prepare SUVs, the lipid solution is processed using
a Mini-Extruder kit (Avanti Polar Lipids) equipped with a track-etched
polycarbonate membrane with 0.1 μm pores (Whatman) and operated
according to the manufacturer’s instructions. The SUVs are then
stored at 4 °C and used within 7 days.
Experimental chambers are prepared by adhering silicone rubber
multiwell plates (each well measuring 6.5 × 6.5 × 3.2 mm3; Sigma-
Aldrich) onto microscope coverslips (24 × 60 mm2, no. 1, Menzel-
Glaser), previously cleaned according to the protocol in ref 41. The
surface of the coverslip is hydrophilized by plasma cleaning (Femto,
Diener Electronic), at a frequency of 40 kHz, pressure of 30 Pa, and
power input of 100 W for 5 min. Each chamber is then immediately
ﬁlled with 100 μL of an SUV solution obtained by diluting the
extruded samples in a ratio of 1:9 in a solution containing 5 mM
MgCl2 and 272 mM glucose in Tris−EDTA (TE) buﬀer. The contents
of the chambers are incubated for 30 min at room temperature to form
a defect-free supported bilayer from the rupture of SUVs onto the
hydrophilic glass. Excess lipids and magnesium are then removed from
the chambers by two rinses with the buﬀer used in the experiment
(hereafter indicated as “experimental buﬀer”, TE + 100 mM NaCl + 87
mM glucose). The chambers are then ﬁlled with a known amount of
experimental buﬀer, 110 μL below the overall capacity of the wells.
The formed SLBs are then inspected under a confocal microscope to
check for uniform ﬂuorescence and used immediately for sample
preparation (see section 2.5).
2.4. DNA Preparation. Double-stranded DNA tethers are
assembled from two complementary 33-nucleotide-long single-
stranded (ss)DNA molecules purchased lyophilized from Integrated
DNA Technology. One of the DNA strands is functionalized with a
cholesterol molecule at its 3′ end via a TEG linker, whereas the other
has a biotin on its 3′ end. These are reconstituted in TE buﬀer (Sigma-
Aldrich), aliquoted, and stored at −20 °C. Equal amounts of each
single strand are diluted to 1.6 μM in TE buﬀer containing 100 mM
NaCl. To help hybridization, the solution is heated up to 90 °C and
then slowly cooled down on a PCR machine (Eppendorf Master-
Cycler). The sequences of the two (ss)DNA strands are (i) 5′-CGT
GCG CTG GCG TCT GAA AGT CGA TTG CGA AAA-3′-
cholesterol-TEG and (ii) 5′-CGC AAT CGA CTT TCA GAC GCC
AGC GCA CGA AAA-3′-biotin. To improve ﬂexibility, single-stranded
A4 spacers are included between the duplex and the functional groups.
2.5. Sample Preparation. The experimental chambers prepared
as described in section 2.3 are ﬁlled with 90 μL of experimental buﬀer
containing 22.2 nM of the previously hybridized DNA constructs (see
section 2.4), immediately followed by 10 μL of the GUV solution (see
section 2.2), previously diluted down to 1:19 in 300 mM glucose
solution. The DNA is expected to uniformly partition on the SLB and
the GUVs. We estimate a surface density of receptors of ρR = 2.3 ×
104 μm−2.
We prepare solutions at diﬀerent concentrations cSA of SA−Alexa
Fluor 647 (Thermo Fisher) in experimental buﬀer and add 10 μL to
the wells before carefully mixing using a pipette, sealing with a Flexwell
Seal Strip (Grace Bio-Labs), and incubating for 1 h. The ﬁnal bulk
concentration of DNA receptors in the chamber is cDNA = c0 = 18.2
nM. The stoichiometric ratio used as the control parameter is
calculated as χ = cSA/c0 and ranges between 8 × 10
−6 and 80. The ﬁnal
osmolarity of the solutions outside and inside of the GUVs is equal to
300 mM, resulting in osmolarity-matched samples.
2.6. Imaging and Image Analysis. Imaging is carried out on a
Leica TCS SP5 II laser-scanning confocal microscope equipped with a
Leica HCX PL APO CS 63× 1.4 NA oil-immersion objective. A 633
nm He−Ne laser and a 488 argon-ion laser are used to excite,
respectively, Alexa 647 labeling the SA molecules and Oregon Green
labeling the membranes. Emission is obtained between 497 and 600
nm for the Oregon Green and 639 and 780 nm for the Alexa 647
channels.
A customized script written in MatLab is used for image analysis.
Morphological changes in the vesicle are assessed by taking confocal Z-
stacks from below the SLB to above the vesicle. Figure 1b shows 3D
reconstructions obtained from typical Z-stacks using the 3D Viewer
plugin of ImageJ.42 The SLB plane is determined as the Z-slice with
the maximum average intensity on the He−Ne channel. The presence/
absence of a stable patch is determined visually. For vesicles displaying
a bright adhesion patch, a Gaussian ﬁlter is applied to remove the
pixel-level noise. Thresholding is then used to reconstruct the patch.
From the area of the patch, the patch radius Rp is derived (see Figure
1). We measure the equatorial radius R (see Figure 1) of the vesicle by
analyzing the Z-stack recorded on the Oregon Green channel. A circle
is ﬁtted to the vesicle contour for each Z-slice above the SLB plane.
The frame with the largest circle is deﬁned as the equatorial plane;
from this, the equatorial radius R is measured. The contact angle is
then calculated as θ = arcsin(Rp/R).
Whenever a patch is present, we also determine from the SLB plane
the ratio 0 between the average ﬂuorescence intensities measured
within and outside of the patch. This ratio, measured on the Alexa 647
channel, is used to determine the ratio between the concentration of
SA attached to the free-standing SLB and that present on the GUV−
SLB contact region.
2.7. Flickering Spectroscopy. We use ﬂickering spectrosco-
py43−45 to assess membrane tension in adhering and non-adhering
GUVs. Videos of the equator of GUVs are recorded on the Oregon
Green channel, as described in ref 16. The time evolution of the vesicle
contour is determined from the videos with subpixel resolution using a
customized MatLab algorithm, and the mean-squared amplitude of the
power spectrum is calculated ⟨|h2(qn)|⟩, where π=q n(2 / )n S (n = 1, 2,
3, ...) is the wave vector along the equatorial contour of length S.16 The
power spectrum amplitude can then be ﬁtted to an established model
to extract membrane tension σ (eq 11 of Pećreáux et al.44). Adhering
vesicles have much higher tension than non-adhering ones,16 reducing
the amplitude and correlation time of the ﬂuctuations.44 Owing to the
limited spatiotemporal resolution of our instrument, we are unable to
assess ⟨|h2(qn)|⟩ within a suﬃciently broad range of qn for the ﬁtting to
be reliable. Thus, for adhering vesicles, we use the squared amplitude
of the low-q equatorial mode 3 as a qualitative indicator for membrane
tension. Mode q = 3 is chosen as the lowest-q mode carrying unbiased
information on the membrane tension, mode n = 1 being associated to
vesicle translation and mode n = 2 being heavily biased by imaging
artifacts.
2.8. FRAP. FRAP is carried out to determine binding/unbinding
kinetics of intermembrane bonds using the dedicated Leica software.
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We consider adhering GUVs, and after imaging the adhesion area on
the SLB plane for 10 s, we bleach the SA molecules within the
adhesion patch by exposing it to high-intensity excitation light for 9.7
s. We then monitor the ﬂuorescence recovery of the bleached area for
1235 s. For the ﬁrst 10 s, we image at 10 fps, thereafter at 0.5 fps for 4
min, and subsequently at 0.1 fps. The ratio t( )0 between ﬂuorescence
intensities measured within and outside of the adhesion patch is
measured as a function of time, as described in section 2.6, with t = 0
corresponding to the ﬁrst frame taken after bleaching. The recovery in
t( )0 carries information on loop-like complexes and passivated
receptors rapidly diﬀusing in and out of the adhesion patch as well as
bridge-like complexes that require unbinding events to leave the
adhesion area (see Figure 1a).
3. MODELING SA/DNA COMPLEXATION
Much of the phenomenology discussed in the remainder of this
article arises from the possibility of each SA ligand to bind
between one and four biotin−DNA receptors. We indicate the
resultant multimeric complexes as monomers, dimers, trimers,
and tetramers, as sketched in Figure 1a. Given their strong
aﬃnity, it is safe to model SA/biotin linkages as irreversible,
meaning that the fraction of ligands involved in each of the
multimeric complexes is ﬁxed at the moment of sample
preparation and remains unchanged throughout the experi-
ment. In turn, as discussed in section 2.8 measurements of
bond reversibility, cholesterol anchors can detach from the
bilayers, enabling equilibration of the populations of loop-like
and bridge-like complexes over accessible time scales (Figure
1a).
We label the total bulk concentration of DNA receptors and
SA as cDNA = c0 and χ=c cSA 0, whereas c1,k (with k = 1, ..., 4)
denotes the concentrations of complexes made by k DNA
strands binding SA (see Figure 1a). For a given stoichiometric
ratio χ, c1,k can be calculated using equilibrium chemical
reactions
= ∈−c Kc c k [1, 4]k k1, 1, 1 0,1 (1)
where c0,1 and c1,0 are the concentrations of unbound DNA and
SA, and K is the association kinetic constant of the SA−biotin
complex (in this work K → ∞). Conservation of the total
number of DNA and SA molecules implies
χ
= + + + +
= + + + +
c c c c c c
c c c c c c
2 3 40 0,1 1,1 1,2 1,3 1,4
0 1,0 1,1 1,2 1,3 1,4 (2)
Two concentration regimes can be identiﬁed: χ > 1/4 and χ ≤
1/4.
χ > 1/4. Because the association between DNA and SA is
maximized (K → ∞ in eq 1), at high χ, no unbound DNA is
left in solution (c0,1 = 0) whereas free SA is present (c1,0 > 0).
From eq 1, taking Kc0,1 as constant, we obtain
α = = = =
c
c
c
c
c
c
c
c
1,4
1,3
1,3
1,2
1,2
1,1
1,1
1,0 (3)
and using eq 2 with c0,1 = 0 we obtain
α α α α
=
+ + +
c
c
2 3 41,0
0
2 3 4 (4)
χ α α α α
α α α α
= + + + +
+ + +
1
2 3 4
2 3 4
2 3 4 (5)
Equation 5 admits a unique solution for α that can be used to
calculate c1,0 ﬁrst (see eq 4) and then c1,k using eq 3 and the
value of c1,0.
χ ≤ 1/4. When χ = 1/4, only tetramers are present in
solution (c1,4 = χc0), whereas c1,0 = 0. For χ ≤ 1/4, the amount
of SA is not suﬃcient to bind all available receptor strands,
resulting in a ﬁnite concentration of free DNA, c0,1 = c0(1 −
4χ).
Figure 2a summarizes the concentration of all possible
complexes as a function of χ normalized by the total
concentration of DNA c0. At high χ, only passivated receptors,
bound to a single SA ligand (monomers), are present.
Therefore, c1,1 ≈ c0 and c1,2,...,4 ≈ c1,0 ≈ 0. When decreasing χ,
higher-order complexes become available: ﬁrst dimers, then
trimers, and tetramers. On further lowering χ, the excess of
receptors suppresses the formation of dimers and trimers, and
for χ ≤ 1/4, only tetramers are present, coexisting with free
receptors.
Assuming that the biotin−SA association happens much
faster than cholesterol adsorption into the lipid bilayers, we
now estimate the concentration of bridge-like complexes within
the patch area. We neglect the interactions between diﬀerent
complexes and calculate the probability of ﬁnding a complex in
the patch area given the concentration of the same complex on
the lipid bilayer outside of the patch area, which is modeled as
an inﬁnite reservoir. The surface densities ρX (X = {1, 0}, {0,
1}, {1, k}, k = [1, 4]) are proportional to the bulk
concentration, that is, ρX = a·cX, with a that does not depend
on the type of complex. Neglecting the surface area of the
GUVs as compared with that of the SLB, which is much larger,
Figure 2. Modeling distribution of multimeric complexes. (a) Fraction
of receptors involved in diﬀerent complexes with SA ligands as a
function of the relative ligand concentration χ. For χ ≤ 1/4, only
tetramers are present. Trimers, dimers, and monomers appear for χ >
1/4. If the SA concentration is further increased, the majority of the
receptors are passivated by a single ligand. (b) Surface density of
bridge-like complexes ρb as a function of χ. ρb peaks at χ = 1/4 and
drops upon increasing or decreasing the SA concentration, compatible
with the observation on GUV adhesion (see Figure 3b).
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and assuming that all of the receptors partition on a lipid
membrane,46 we estimate a ≃ 2.1 × 103 μm−2 nM−1. Although
this is strictly true only if all of the cholesterol anchors absorb
onto the bilayer, this should be the case given the dissociation
constant of 17 nM.
The complexes found within the patch area can have either a
loop-like or a bridge-like character, as sketched in Figure 1a. We
assume that conﬁgurational costs of adsorbing a complex in
loop-like or bridge-like conﬁgurations are equal. Our recent
ﬁnding suggests that this is the case for distances between the
GUV patch and the SLB comparable with DNA strand
length.16−18 In particular, this assumption is also justiﬁed by
the conﬁgurational freedom enabled by the use of freely
rotating dsDNA spacers. Because the pairs of binding sites are
arranged on opposite sides of the SA molecules, if biotin
receptors were directly grafted to the lipids,32,33 the formation
of loops with tetrameric complexes would be highly hindered.
However, because dsDNA spacers (L ≈ 10 nm) are longer than
the diameter of SA (∼5 nm), and cholesterol and biotin are
connected through ﬂexible spacers made of four unpaired bases,
all possible binding conﬁgurations are geometrically accessible.
Each complex of type {1, k} in the patch region has 2k
possible ways of arranging the k DNA “arms” between the two
bilayers. Out of these, two conﬁgurations are loop-like and the
remaining 2k − 2 conﬁgurations are bridge-like. It follows that
dimers (k = 2) have equal chances of forming loops or bridges,
but trimers (k = 3) and tetramers (k = 4) are more likely to
form bridges than loops by a factor of 3 and 7, respectively.
In Figure 2b, we therefore show the surface density of bridge-
l ike complexes wi th in the patch , ca lcu la ted as
ρ = ∑ −=a c(2 2)k
k
kb 1
4
1, . We observe a region of intermediate
SA concentrations with a high density of bridges that peaks at χ
= 1/4.
4. RESULTS AND DISCUSSION
4.1. Morphological Response to Ligand Concentra-
tion. The 3D reconstructions from confocal Z-stacks, shown in
Figure 1 as recorded on the Oregon Green (lipid) channel,
exemplify the morphological diﬀerence between an adhering
vesicle having the shape of a truncated sphere (Figure 1b) and a
more spherical non-adhering one (Figure 1c). The clear shape
diﬀerence enables us to distinguish easily between adhering and
non-adhering vesicles, as also demonstrated in Figure 3a, where
we show vertical confocal sections of the GUVs, the equatorial
cross sections, and the SLB plane, all recorded on the SA (Alexa
647) ﬂuorescence channel. Figure 3b shows the observed
fraction of adhering GUVs as a function of the bulk
concentration ratio between the SA ligands and receptors (χ).
Three regimes can be clearly identiﬁed: low (χ ≲ 3 × 10−4),
intermediate (3 × 10−3 ≲ χ ≲ 20), and high (χ ≳ 20) SA
concentrations. The theoretical estimate made in section 3
indicates that in the low ligand concentration regime, all of the
SA receptors give rise to tetrameric complexes, but the number
of bridges formed between the GUV and the SLB is still too
low to cause the formation of a stable adhesion patch (see
Figure 2b). Within the broad range of intermediate SA
concentrations, a stable adhesion patch is observed for the
majority of the GUVs. Here, the confocal lateral and equatorial
sections demonstrate the presence of SA molecules on the
GUV and SLB membranes. Adhesion sets in already at χ ≈ 3 ×
10−4, where only a small fraction of the receptors are bound to
ligands. However, most of the receptors form tetrameric
complexes with high chances of bridge formation, resulting in a
suﬃciently high number of GUV−SLB bonds (see Figure 2b).
The strong tendency toward the bridge formation of tetrameric
complexes also produces a signiﬁcant accumulation of SA
within the adhesion patch, as compared with non-adhering
areas of the SLB and GUV. Indeed, the ratio between Alexa 647
Figure 3. Quantifying GUV adhesion and induced membrane tension. (a) Confocal cross section, equatorial section, and SLB plane in an adhering
GUV (left, χ = 8 × 10−1) and a non-adhering GUV (right, χ = 8 × 101). (b) Fraction of adhering GUVs as a function of the relative ligand
concentration χ, as determined by visual inspection in samples averaging 14 GUVs (for each value of χ). The insets sketch the architecture of
complexes expectedly present within the adhesion patch. Adhesion is observed within an intermediate range of concentrations where the surface
density of bridges is suﬃciently high (see Figure 2b). (c) Mean-squared amplitude of equatorial ﬂuctuation mode n = 3 as measured using ﬂickering
spectroscopy. The amplitude drop in the intermediate regime corresponds to an increase in the membrane tension induced by adhesion.
Experimental points and error bars are calculated as the mean and standard deviation in samples averaging 12 GUVs (for each value of χ).
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ﬂuorescence intensity measured within and outside of the patch
at χ = 8 × 10−4 is = ±16.7 8.10 . When the number of SA
molecules exceeds one-fourth of that of the DNA receptors, all
of the binding sites are saturated, and some of the SA ligands
are bound to three or fewer receptors. As we approach the
high-concentration regime, for χ = 8, the SA ﬂuorescence
intensity ratio between the adhesion patch and the free SLB
drops to = ±2.18 0.330 . Here, most of the DNA receptors
are passivated by single SA and therefore uniformly distributed
across the membranes within and outside of the patch, hence
explaining the intensity ratio approaching the limit of
noninteracting membranes (i.e., 2). Only a small number of
ligands are involved in multimeric complexes stabilizing the
patch. For χ ≳ 20, we enter the high-concentration regime,
where nearly all SA are either free in solution or tethered to a
single receptor, and the number of multimeric SA complexes is
too low for a stable adhesion. Confocal lateral and equatorial
sections conﬁrm that in the high-concentration regime, most of
the SA molecules remain free in solution (Figure 3a).
4.2. Mechanical Response: Membrane Tension. Figure
3c shows the mean-squared amplitude ⟨|h2(q3)|⟩ of equatorial
ﬂuctuation mode n = 3 as a function of χ. In the high-tension
limit, the rough proportionality 1/σ ∝ ⟨|h2(q3)|⟩ holds, which,
however, cannot be used to quantitatively extract σ.44
Nonetheless, the three adhesion regimes are clearly reﬂected
in ⟨|h2(q3)|⟩. In the low-SA-concentration regime, non-adhering
vesicles display ⟨|h2(q3)|⟩ ≈ 10−14 to 10−15 m2. In the
intermediate regime, from the onset of adhesion, we observe
a drop in the ﬂuctuation amplitude, with ⟨|h2(q3)|⟩ decreasing
by approximately 1 order of magnitude. As we approach the
high-SA-concentration regime, the lack of adhesion causes an
increase in the ﬂuctuation amplitude.
The sharp changes in tension at the boundaries between the
three regimes demonstrate the correlation between the GUV
morphology, that is, patch formation, and the mechanical
properties of the membranes.
Although, as explained in section 2.7, the membrane tension
σ cannot be reliably measured within the intermediate regime,
in the low- and high-SA-concentration regimes, an accurate
estimate can be made by ﬁtting ⟨|h2(qn)|⟩. At χ = 8 × 10
−6, we
obtain σ = 1.8 ± 0.5 × 10−6 Nm. The large error bar is partially
a consequence of the broad distribution of excess areas typical
of electroformed liposomes. In adhering vesicles, diﬀerences in
excess area result in changes in the size of the adhesion patch,
which has a smaller inﬂuence on the membrane tension.16
4.3. FRAP Measurements of Bond Reversibility. Figure
4a shows a sequence of confocal images of an adhesion patch as
taken in the Alexa 647 (SA) channel over a typical FRAP
experiment. Before the bleaching step, a clearly deﬁned bright
patch is visible, with a patch/SLB intensity ratio equal to PB0 .
Exposure of the adhesion area to high-intensity excitation
causes an almost complete bleaching of the SA molecules.
Recovery is then monitored over time using the patch/SLB
intensity ratio t( )0 .
The adhesion patch is populated by both loop-like and
bridge-like complexes (see Figure 1a). The former, together
with passivated receptors, can freely move in and out of the
patch area through lateral diﬀusion on either SLB or GUV
membranes, resulting in a quick recovery of part of the
ﬂuorescence signal. In turn, the bridge-like complexes are
conﬁned within the patch area, being able to leave only upon
bond breakup. Full recovery of the ﬂuorescence signal therefore
occurs on timescales dependent on the breakup of GUV−SLB
bonds. In view of these two timescales, we ﬁt the patch/SLB
intensity ratio t( )0 with a double exponential
τ τ
− = − + − −
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
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t
A
t
A
t
1
( )
exp (1 ) exp
PB 1 2
0
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where τ1 is the fast recovery time associated with the diﬀusion
of loop-like complexes and passivated receptors, τ2 (>τ1) is the
slow recovery time associated with bridge breakup, and A is a
parameter quantifying the fraction of the initial ﬂuorescence
intensity undergoing fast recovery.
Figure 4b shows recovery curves collected at diﬀerent χ
values and ﬁtted with eq 6, whereas Figure 4c summarizes the
dependency of τ2 on χ. Two processes could be involved in the
bridge breakups leading to the full recovery of the signal: the
breakup of biotin/SA bonds or the yielding of the connection
between the cholesterol anchor and the lipid bilayers. The oﬀ-
rate of biotin/SA bonds, as estimated according to the
parametric formula of Koussa et al.,47 is koff = 6.3 × 10
−7 s−1.
The oﬀ-rate of the bond between a cholesterol-tethered DNA
molecule and an SLB, as evaluated by Pfeiﬀer and Höök,46 koff
= 5.8 × 10−4 s−1, is much higher and is compatible with the
recovery timescales we measure. We can therefore deduce that
the process responsible for bond rearrangement in our systems
Figure 4. FRAP measurements of bridge unbinding kinetics. (a)
Sequence of images of the adhesion patch before the SA molecules are
bleached (left), immediately after bleaching (middle), and after partial
recovery of the ﬂuorescence intensity has occurred (right). (b)
Fluorescence recovery proﬁles: − t1 ( ) / PB0 0 . Solid lines are best ﬁts
using eq 6. (c) Slow-recovery time constant τ2 (see eq 6) as a function
of relative SA concentration χ. Experimental points and error bars are
calculated as the mean and standard deviation in samples averaging 6
GUVs (for each value of χ).
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is the thermal extraction of cholesterol anchors from the lipid
bilayers.
Figure 4b demonstrates a drop in τ2 as χ increases within the
intermediate-SA-concentration regime. This behavior can once
again be qualitatively explained by the χ dependence of the
valence of multimeric complexes. For χ ≤ 1/4, ligands form
only tetrameric complexes and, as discussed in section 3, seven
out of eight tetramers are in a bridge-like conﬁguration. Four of
these seven tetramers have three receptors anchored to one
membrane and one receptor anchored to the other, whereas the
remaining three tetramers have two receptors on each
membrane. The latter complexes, therefore, need to break
and re-form at least two bonds to turn into loop-like complexes
and diﬀuse out of the membrane, resulting in a slow
ﬂuorescence recovery. As χ is increased above 1/4, a fraction
of the bridge-like complexes turn out to be trimers or dimers,
which can exit the adhesion patch by breaking and re-forming
only one bond; hence, the ﬂuorescence recovery is faster.
5. CONCLUSIONS
We have studied the morphological and mechanical responses
in single giant liposomes adhering to a ﬂat supported lipid
bilayer, caused by changes in the concentration of the ligand
molecules mediating the attraction. Biotin-functionalized DNA
receptors are tethered to the membranes through a cholesterol
anchor. SA ligands dispersed in solution bind the receptors,
forming multimeric complexes that feature one to four
receptors per ligand. The complexes can either take a loop-
like arrangement, when all of the bound receptors are anchored
to the same membrane, or take a bridge-like arrangement
between the GUVs and the SLB.
For a ﬁxed concentration of ligands, we observe stable
adhesion only when the concentration of SA receptors falls
within a well-deﬁned range. Adhering vesicles display a large
increase in membrane tension. We ﬁnd an accumulation of SA
receptors within the adhesion patch as compared with the
concentration of those tethered to free membranes, which
becomes less pronounced at higher SA concentrations. The
unbinding kinetics of intermembrane bridges, caused by the
reversibility of cholesterol insertion, is probed via FRAP. The
average unbinding rate of bridges is lower at low SA
concentrations.
The observed phenomenology can be rationalized using a
simple model that accounts for the tetravalent nature of SA−
biotin complexes. Re-entrant unbinding upon increasing the
linker concentration is a general phenomenon recently
observed in the context of nanoparticle self-assembly.48 Here,
the eﬀect is rationalized for the case of diﬀusive multimeric
linkers, but a general discussion of the problem will follow in a
dedicated contribution.
We argue that the sharp onset of vesicle adhesion could be
exploited to build (bio)molecular sensing devices, the purpose
of which would be to sense the presence of an analyte above a
certain concentration threshold that triggers membrane
adhesion and changes in shape and tension of the vesicles.
The detection threshold can potentially be tuned by including
synthetic linkers (e.g., made up of DNA) forming a small
number of permanent bridges, enough to bring the membranes
very close to the onset of adhesion. From there, a very small
amount of the target ligand would trigger adhesion and
therefore be detected. Readouts can be generated optically or
via impedance measurements using microﬂuidic devices
featuring integrated electrodes.
Furthermore, the ﬁndings presented here are relevant to the
study of multivalent interactions in adhesion between cells, in
particular those dependent on linker molecules such as
cadherins and selectins.49
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